Abstract: Genetic relationships among lake whitefish (Coregonus clupeaformis) spawning aggregates in Lake Michigan were assessed and used to predict a stock or management unit (MU) model for the resource. We hypothesized that distinct spawning aggregates represented potential MUs and that differences at molecular markers underlie population differentiation. Genetic stock identification using 11 microsatellite loci indicated the presence of six genetic MUs. Resolved MUs corresponded to geographically proximate spawning aggregates clustering into genetic groups. Within MUs, analyses suggested that all but one delineated MU was a stable grouping (i.e., no between-population differences), with the exception being the Hog Island -Traverse Bay grouping. Elk Rapids was the most genetically divergent population within Lake Michigan. However, low Fst values suggested that moderate to high levels of gene flow occur or have occurred in the past between MUs. Significant tests of isolation by distance and low pairwise Fst values potentially led to conflicting results between traditional analyses and a Bayesian approach. This data set could provide baseline data from which a comprehensive mixed-stock analysis could be performed, allowing for more efficient and effective management of this economically and socially important resource.
Introduction
The utility of the stock concept in natural resource management is based on scientific evidence that the overall productivity and evolutionary potential of a species is dependent on maintaining the abundance and diversity of its component stocks (Shaklee and Currens 2003) . Contemporary fisheries management has relied on the stock concept (a variant of the population concept; Booke 1981; Waples and Gaggiotti 2006) and the operational definition of a stock as ''local populations that maintain recognizable genetic differentiation by separation of their spawning time or place'' (Bailey and Smith 1981) . As such, stocks are usually composed of a population(s) of fish spawning in the same location and time and exhibiting similar growth and mortality rates, morphological-meristic features, and age structure (Van Den Avyle 1993) . Moritz (1994) suggested a more contemporary definition of the term ''stock'' as being synonymous with management units (MUs), where MUs are recognized as groups with significant divergence of allele frequencies at nuclear loci, regardless of the phylogenetic distinctiveness of the alleles. Management units are fundamental to proper short-term management and should be the logical unit for population and demographic monitoring (Moritz 1994) .
Lake whitefish (Coregonus clupeaformis) have supported an important commercial fishery in the Laurentian Great Lakes since the 1800s. Presently, lake whitefish comprise the primary commercial fishery in the Great Lakes in terms of total harvest and dockside value. In Lake Michigan, lake whitefish support both state-licensed and tribal commercial fishers in Michigan and state-licensed commercial fishers in Wisconsin. The 2000 harvest season was the highest on record, producing 2.174 million kg of fish with a dockside value of over US$5 million (Kinnunen 2003) . The Lake Michigan lake whitefish commercial fishery is an interjurisdictional fishery with the Wisconsin (WDNR) and Michigan Department of Natural Resources (MDNR) managing statelicensed fishers and the management of tribal resources being handled by the Chippewa Ottawa Resource Authority (CORA), which also supervises the activities of individual tribes (e.g., Grand Traverse Band of Indians (GTBNR)). Presently, quotas are set for this fishery based on statistical catch-at-age models for 13 commercial management zones rather than on a stock basis (Fig. 1) .
Despite the commercial importance of lake whitefish, questions exist regarding the source (i.e., stock or MU) of fish being harvested. In particular, there are concerns regarding potential overharvest of shared stocks by Michigan and Wisconsin state-licensed and Tribal commercial fishing operations. Previous tagging (Rowe 1984; Scheerer and Taylor 1985) , population dynamics (Ebener and Copes 1985; Walker et al. 1993) , and genetic studies (Imhoff 1977; Leary 1979; Imhoff et al. 1980 ) have indicated potential stock structure; however no genetic management zones have been established. To better manage this important resource, delineation of lake whitefish genetic structure in Lake Michigan is necessary. Optimal long-term management and conservation depend on knowing the number, distribution, and characteristics of all component stocks and maintaining their integrity, diversity, and abundance (Shaklee and Currens 2003) , while optimal short-term management requires delineation of MUs for proper demographic management (Moritz 1994) . Therefore, the primary objective of this study was to delineate genetic structure among the Lake Michigan's lake whitefish spawning aggregates.
Materials and methods

Study design
Throughout the course of this research, we had one primary assumption: fish sampled at a specific spawning location belonged to that spawning aggregate and were not migrant fish from another spawning aggregate. Based on the philopatric nature of salmonids and evidence from tagging studies that Lake Michigan lake whitefish home to natal spawning grounds (Ebener and Copes 1985; Walker et al. 1993) , we hypothesized that separate spawning aggregates represented separate potential genepools (i.e., MUs). We attempted to identify and sample the known spawning reefs of lake whitefish throughout Lake Michigan. Where possible, multiyear samples were included to minimize any bias asso- Fig. 1 . Lake whitefish commercial management zones in Lake Michigan with sample site locations (*). Primary sample sites included the lake side of the Door County Peninsula (NMB), Wisconsin, and Big Bay de Noc (BBN), Michigan. Secondary study sites include Cedar River (CR), Naubinway (Nau), Epoufette (Epo), Hog Island (HgIs), Traverse Bay (TB), Elk Rapids (ER), Ludington (Lud), Muskegon (Mus), and Saugatuck (Sau). Zones in Wisconsin waters include WI-1, WI-2, and WI-3. All other zones are in Michigan waters (WFMs) and were originally established by the 1836 Consent Decree. The broken line runs from Waugoshance Point west to Seul Choix Point.
ciated with a single-year estimate. Temporal genetic differences exist within some spawning runs of salmonid fish (Wilmot and Burger 1985; Burger et al. 1997; Waples et al. 2004) . To assess the impact of potential temporal genetic differences within a single lake whitefish spawning run, two temporal samples (n = 75) were obtained annually from North and Moonlight bays (NMB) and Big Bay de Noc (BBN). The first sample was obtained in late October and the second in mid-November to determine if genetic differences were apparent within a single year. If there were genetic differences between the sampling periods within a sample site, multiple runs of lake whitefish could be attributed to the spawning site and would be treated as separate units for stock delineation.
The second hypothesis tested was that differences in genetic diversity found within or among the spawning aggregates indicated separate gene pools (i.e., MUs). Therefore, if spawning aggregates represent unique and discernible gene pools, they could be considered and tested as genetic stocks or MUs.
Research area
The primary research areas were the BBN (north end of Green Bay, Michigan) and NMB (lake side of the Door County Peninsula, Wisconsin) spawning reef complexes (Fig. 1) . These areas are the center of Lake Michigan's commercial lake whitefish fishery (both tribal and state-licensed) and are thought to represent the two primary spawning areas for Lake Michigan lake whitefish (Ebener and Copes 1985) . Secondary study sites, comprising smaller lake whitefish spawning aggregates, included Naubinway (Nau), Epoufette (Epo), Hog Island (HgIs), Traverse Bay (TB), Elk Rapids (ER), Ludington (Lud), Muskegon (Mus), Saugatuck (Sau), and the Cedar River (CR) in Michigan (Fig. 1) .
Sample collection
Sample collection of commercially harvested lake whitefish occurred from mid-October through early November (the time period in which lake whitefish spawn) of the 2005 and 2006 commercial fishing seasons. Primary study sites (BBN and NMB) and some secondary study sites (CR, Nau, Epo, Lud, Mus, and Sau) were sampled during both 2005 and 2006. Secondary spawning aggregates were sampled more opportunistically based on the availability of cooperating commercial fishers. As such, some sites were not sampled in both study years. Only fish that could be positively identified as sexually mature (i.e., presence of gametes) were included in the sample to maximize the probability that samples were from the spawning aggregate associated with that location (Ebener and Copes 1985) . Primary study sites (BBN and NMB) were sampled twice during the spawn to determine if any genetic differences existed between early-and late-run fish. Samples were acquired from commercial fishers, in conjunction with WDNR and MDNR state agency sampling and commercial monitors, and from tribal harvest and CORA commercial monitors. The majority of sampled fish were obtained from trap nets, and a small proportion of samples were obtained from gill nets. A single sample was obtained from the Muskegon (2006 sample) reef by angling.
All commercially caught samples consisted of unsorted Microsatellite DNA Total genomic DNA was isolated from the pelvic fin tissue using the Promega Wizard Genomic DNA purification kit (Promega Corp., Madison, Wisconsin). DNA was quantified using a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, Delaware) and normalized to a standardized concentration of 20 ngÁmL -1 . Eleven microsatellite loci previously used for salmonid studies (Table 1) were PCR amplified using multiplex reactions developed in-house based on the suggested protocol of Henegariu et al. (1997) . Specific PCR reaction conditions and thermocycler profiles are described in Table 1 . Genotyping was conducted on an ABI Prism 377XL DNA sequencer (Applied Biosystems Inc., Foster City, California). Allele sizes were determined by comparison to an internal size standard (GeneFlo 625; Chimerx Inc., Milwaukee, Wisconsin) and estimated using GeneScan software (Applied Biosystems Inc., Foster City, California). Allele calls were confirmed manually and the resulting values represented multilocus genotype data.
Spawning aggregate genetic analyses
Spawning aggregate samples were tested for departure from Hardy-Weinberg equilibrium (HWE) using GENEPOP 3.4 (Raymond and Rousset 1995) . Significance values were computed using Fisher's exact test implemented in GENE-POP 3.4 with a Markov chain method using 1000 batches of 1000 iterations each (Guo and Thompson 1992; Raymond and Rousset 1995) . Values of p were adjusted for multiple comparisons using a sequential Bonferroni method (Rice 1989) . Any locus or population not conforming to HWE expectations was specifically tested for heterozygote excess or deficiency. Departures from HWE expectations due to heterozygote excess or deficiency were determined using a U test implemented in GENEPOP 3.4 (Raymond and Rousset 1995) . The small expected frequencies for rare genotypes associated with microsatellite data can lead to significant deviations from HWE using exact tests because of the cumulative effect of the rare but nonzero expected genotypes (Pamilo and Varvio-Aho 1984) . Therefore, all exact tests resulting in significant deviations from HWE expectations were retested following a modification of Hedrick (2000) , where the genotypes with an expected frequency of less than 1% were pooled and the locus retested using a c 2 goodness-of-fit test in Minitab v.14.20 (Minitab Inc., State College, Pennsylvania).
Microsatellite diversity within and between samples was compared using allele frequency distributions and observed (H o ) and expected (H e ) heterozygosities. Additionally, allelic richness estimates (A r ) and private allele estimates were made using the rarefaction method described by Goudet (1995) and Petit et al. (1998) , as recommended by Leberg (2002) , to account for unequal sample sizes. Allelic richness and private allelic richness were calculated using HP-RARE (Kalinowski 2005) . Gametic disequilibrium between all pairs of loci was assessed using a likelihood ratio test of the data implemented in ARLEQUIN (version 3.0; Excoffier et al. 2005 ) using 10 000 permutations.
Genetic stock identification (GSI)
Traditional genetic stock identification involves a series of hierarchical statistical tests in which the results from one test are used to group populations for subsequent analyses. We compared allele frequency distributions between all pairs of populations using the genic differentiation option in GENEPOP 3.4 with 1000 dememorization steps and 100 batches of 1000 iterations (Raymond and Rousset 1995) to assess the null hypothesis of panmixia among Lake Michigan's lake whitefish populations. The ability to combine samples from early and late runs from the NMB and BBN sites was also tested using the genic differentiation test of allele frequency distributions in GENEPOP 3.4 with the same options as previously stated (Raymond and Rousset 1995) . To determine relevant groupings of populations for further analyses, we constructed a distance-based, neighborjoining tree (NJ tree; Saitou and Nei 1987). Chord distance (D c ; Cavalli-Sforza and Edwards 1967) was calculated for all population pairs, and a NJ tree was constructed using PowerMarker (version 3.25; Liu and Muse 2005) . Groupings were considered relevant if the confidence in topology was 70%. Confidence in topology was determined by conducting 5000 bootstrap pseudoreplicates and constructing a majority-rule consensus tree using CONSENSE in the PHYLIP package (Felsenstein 1993) . All trees were viewed using TREEVIEW (Page 1996) .
To determine if resolved spawning aggregate clusters were biologically relevant (i.e., putative MUs), a hierarchical analysis of molecular variance (AMOVA; Excoffier et al. 1992 ) was performed in ARLEQUIN (version 3.0; Excoffier et al. 2005) to compare the molecular variance within and between the putative aggregates with that which would be expected in one panmictic population. Significance levels for AMOVA were computed using 1000 nonparametric permutations of the data set (Excoffier et al. 1992) . A stable group (i.e., potential MU) was inferred when significant variance existed among groups but not within groups. The degree of fine-scale, intragroup differentiation was examined by estimating population pairwise values of Weir and Cockerham's (1984) q, an analog of Wright's (1931) F st , and testing the values for deviation from zero. All tests of q were conducted in ARLEQUIN (version 3.0; Excoffier et al. 2005) with significance determined by 1000 permutations of the data.
Structure
As an alternative means of delineating genetic structure, we used a Bayesian approach as implemented in the program STRUCTURE (Pritchard et al. 2000) . To determine if structure existed within spawning aggregates, we evaluated our data for K = 1-15 (three runs per K value), where K is the number of potential genetic units occurring within the data set. We used a 100 000 replicate burn-in followed by 100 000 replicates. We used the admixture model with a uniform prior on the degree of admixture, a (initial value, 1.0; maximum, 10.0; standard deviation (SD), 0.025), and allele frequencies were considered correlated among subpopulations (prior mean, 0.01; prior SD, 0.05; l, 1.0).
Isolation by distance
To determine if migration, or a lack thereof, between spawning aggregates was a driving force behind the observed genetic structure, we conducted a test of isolation by distance (IBD) by regressing the pairwise genetic distances against a matrix of pairwise geographical distances using the program IBDWS (Jensen et al. 2005) . Genetic distances, F st (q), between population pairs were calculated as previously described. Geographic distances were calculated in ArcMap (version 9.2; Environmental Systems Research Institute, Inc., Redlands, California) and were based on the shortest distance (in kilometres) across water from the center of where one population was sampled to the center of where the other population was sampled. Significance in the IBD test was determined using a Mantel test (Mantel 1967) .
Results
A total of 1589 fish were collected from 11 spawning aggregates, including 280 and 286 samples collected from the BBN and NMB primary study sites, respectively. Samples were collected from all but three lake whitefish commercial management zones (WI-1, WFM-06, and WFM-09; Fig. 1 
Genetic diversity
The overall data set had 4.97% of the possible alleles (N = 34 958 alleles) missing across all loci. Only five of 1589 individuals were missing data from four or five loci, with no individuals missing data from more than five of 11 loci. The number of alleles per locus varied from six to 31 across all spawning aggregates (Table 1) , with allele frequencies varying considerably across aggregates. For example, the distribution of allele frequencies at Cocl-lav 18 (seven total alleles) showed a common allele (156) that varied by nearly 20% between the Mus sample (39.5%) and the HgIs sample (57.9%). Observed heterozygosity for each population ranged from 0.5735 (ER) to 0.6432 (TB), with a mean heterozygosity of 0.6111 (Table 2) . Unbiased heterozygosity values for the microsatellite loci ranged from 0.6268 (NMB) to 0.6527 (CR), with a mean for all aggregates of 0.6379 (Table 2) . Mean allelic richness estimates across all loci ranged from 7.15 (Sau) to 8.69 (CR) ( Table 2) . Private allelic richness estimates varied dramatically, with the overall aggregate totals ranging from 0.09 (Sau) to 6.41 (ER) across loci ( Table 2) .
Comparisons of early-and late-run genetic samples from NMB and BBN using the genic differentiation option in GENEPOP 3.4 (Raymond and Rousset 1995) showed no differences in allele frequency distributions (data not shown), indicating temporal homogeneity within each spawning aggregate in a single year. The samples for each site were subsequently combined for all further analyses. The combination of the sites was further supported, as the conglomerate sample did not deviate significantly from HWE.
Initially, 37 of 121 exact tests significantly deviated from HWE at a nominal a of 0.05. After pooling rare genotypes, 10 of 121 total comparisons (8.26%) were significant following sequential Bonferroni adjustment. Six of 11 loci had at least one significant departure from HWE, with no locus significantly out of HWE for more than two populations and no population significantly out of HWE for more than three loci. All deviations from HWE were consistent with heterozygote excess, suggesting no inadvertent sampling of multiple gene pools and (or) issues with systemic errors (i.e., null alleles or allele dropout; Navidi et al. 1992; Miller et al. 2002) . Given the low number of significant HWE tests and the finding that the distribution of significant results did not suggest a population-or locus-specific problem, all sites were considered to conform to HWE for subsequent analyses. Gametic disequilibrium tests between all pairs of loci showed no significant disequilibrium, and all loci were considered to be independently segregated.
Genetic stock identification
Tests of genic differentiation showed that the lake whitefish spawning aggregates included in this study did not represent one panmictic unit. The overall (global) test had a chi-square value of infinity (indicating that the number exceeded the maximum capacity of the GENEPOP 3.4 program to calculate), with 24 degrees of freedom and p 0.00001. Significant differences in allele frequency distributions were observed among all populations at all 11 loci (p < 0.0001).
Divergence among populations varied widely, with pairwise D c (Cavalli-Sforza and Edwards 1967) ranging from 0.0918 (BBN and NMB) to 0.2230 (ER and HgIs) ( Table 3) .
3). The NJ tree resolved five to six aggregate groups (Fig. 2) , including group A (BBN, NMB, CR), group B (Nau, Epo), group C (Lud, Mus, Sau), group D (ER), and group E (TB, HgIs). The six-group model would consist of BBN grouping separately from NMB and CR and all other groups remaining stable.
Three sequential AMOVA analyses were conducted (based on NJ tree groups), with the number of groups ranging from four to six (Table 4) . In all tests, the majority of genetic variance (97.86%-98.05%) was attributed to the differences among individuals within populations. The fourand five-group AMOVAs indicated that a significant portion of genetic variation was found within groups, indicating that further partitioning was needed. The six-group AMOVA exhibited nonsignificant within-group genetic variance (0.04% of variance, p = 0.17579; (Table 5 ).
Structure
No apparent structure was detected using the Bayesian clustering algorithm within the program STRUCTURE (Pritchard et al. 2000) . All simulations indicated that the most likely number of genetic units in our sample was one. The estimated log probability of the data, lnP(D), decreased with every increase in K from 1 to 15, ranging from -46 564 (K = 1) to -49 704 (K = 15). We used the DK of Evanno et al. (2005) and still failed to detect a K > 1 in all analyses. Examination of individual simulation Q-value plots showed no apparent trend or consistent pattern of resolution among all simulations.
Isolation by distance
Results from the test of IBD indicated that lake whitefish in Lake Michigan exhibit IBD. This IBD was deemed significant by a Mantel test (p = 0.001, z = 169.8, r = 0.4237, R 2 = 0.179).
Discussion
The initial phase of the genetic stock identification process indicated that Lake Michigan's lake whitefish spawning aggregates did not constitute one panmictic group and that population structuring existed. These findings were anticipated based on the tendency of philopatric fish species to show intraspecific population differentiation (Stepien and Faber 1998; Markert et al. 1999; Duftner et al. 2006) , previous population dynamics studies (Rowe 1984; Walker et al. 1993) , tagging studies (Ebener and Copes 1985; Scheerer and Taylor 1985) , and genetic studies (Imhoff 1977; Leary 1979; Imhoff et al. 1980 ) conducted on lake whitefish throughout Lake Michigan. For comparison, Scheerer and Taylor (1985) used tag returns and vital statistics (e.g., mortality rates) to suggest at least three discrete stocks of lake whitefish in northeastern Lake Michigan. Additionally, Imhoff (1977) suggested that two distinct lake whitefish populations existed in the Green Bay region of Lake Michigan, one in the Big Bay de Noc area of northern Green Bay and one on the lake side of the Door County Peninsula (Wisconsin) encompassing the spawning samples from North and Moonlight bays. Furthermore, the grouping of NMB and CR fish into one MU was supported by tagging data indicating that NMB fish comprised a large majority of the spawning fish at CR (Rowe 1984) . However, further research should be done to evaluate why the CR aggregate had such a large number of private alleles.
Cluster analyses based on D c showed consistent groupings of geographically proximal aggregates. These geographic clusters were supported by data from several tagging studies conducted within Lake Michigan (Ebener and Copes 1985; Scheerer and Taylor 1985; Walker et al. 1993 ). The six recovered MUs showed no significant within-group molecular variance, according to AMOVA, contained geographically proximate aggregates, and were supported by previous tagging, population dynamics, and genetic studies. Only the Northeast MU (Hog Island and Traverse Bay) exhibited genetic heterogeneity between its two component aggregates, despite their consistent resolution as a MU. These data (F st ) suggested that gene flow occurred more readily between the Hog Island population and the NOR MU than between TB and the NOR MU. Scheerer and Taylor (1985) hypothesized that a shallow reef extending westward from the Waugoshance Point through the northern Beaver Islands (Hog Island) acted as a barrier to the southward movement of the NOR populations. The AMOVA results supported their findings of restricted gene flow (i.e., NOR and NOE populations were separate), but the F st results suggested that significant gene flow exists across this potential barrier because Hog Island was not significantly different than the two NOR populations. If this reef is an impediment but not a barrier to . Fig. 3 . Six genetic management zones (GMZs) based on genetic stock identification and spawning site locations, overlayed on the statistical and commercial management zones currently in place for Lake Michigan: GMZ 1, NMB MU; GMZ 2, BBN MU; GMZ 3, NOR MU; GMZ 4, NOE MU; GMZ 5, EKR MU; and GMZ 6, SOE MU.
migration, significant gene flow between the NOR populations and Hog Island would be plausible. The rarity of this migration could be sufficient to explain no observed connectivity between the Traverse Bay and the NOR populations based on a stepping-stone migration model (Kimura and Weiss 1964) . Despite the apparent gene flow between Hog Island and the NOR populations and the significant F st value between Hog Island and Traverse Bay, the AMOVA and NJ (D c ) results supported the grouping of Hog Island and Traverse Bay populations into one MU. Regardless of the MU into which Hog Island was placed, this was the only observable conflict between the various analyses used to assess genetic structure. Subsequent work should aim to increase the sample size of both Hog Island (N = 70) and Traverse Bay (N = 74) to include a minimum of 100 samples (consistent with other sample sizes) and to ensure no significant impact from only a single year sample being included in the study. The identity of six genetic MUs of lake whitefish in Lake Michigan does not preclude gene flow among the groups. Several analyses indicated that gene flow was predominantly between neighboring populations, with less gene flow occurring between more distant populations. Wright (1943) theorized that isolation by distance results from less mixing among individuals, or pairs of populations, situated further apart than among those separated by shorter distances, a phenomenon exhibited by many species world-wide (Pogson et al. 2001; Turgeon and Bernatchez 2001; Planes and Fauvelot 2002) . Thus, migrant lake whitefish are more likely to spawn on more geographically proximate spawning grounds than on spawning grounds on the other side of the lake. The clustering of geographically proximate aggregates into MUs based on genic differentiation, genetic distance, AMOVA, F st , and a significant test of IBD (Mantel test) all supported Wright's (1943) theory of isolation by distance.
Bayesian estimates of the number of genetic units
Contrary to the results from the genetic stock identification portion of this research, the Bayesian clustering program STRUCTURE did not indicate that genetic structure existed among Lake Michigan's lake whitefish aggregates. We suggest that the lack of recognized structure using the Bayesian algorithm in STRUCTURE was primarily the result of two factors. First, the number of spawning aggregates and their autocorrelation poses a challenge to STRUC-TURE's Bayesian algorithm for detecting the number of genetic units. Pritchard et al. (2000) showed that STRUCTURE could easily detect two to four highly differentiated populations; however, little is known about its ability to provide accurate estimates of L(K) when more than four populations are included (Evanno et al. 2005) . Pritchard et al. (2007) further explained that the underlying Bayesian model is not well suited to handle data from aggregates exhibiting IBD, and that when IBD is present, the inferred K values and the corresponding allele frequencies for each group can be arbitrary. Schwartz and McKelvey (2008) recommended that prior to analyzing data for population structure, one should determine if patterns of local autocorrelation exist (i.e., isolation by distance) as these are likely to confuse programs such as STRUCTURE. The second problem with using a Bayesian clustering algorithm for detecting the number of genetic units in our data was the low levels of F st observed among populations in this study (mean = 0.009). Latch et al. (2006) used simulated data to show that F st 0.02 among genetic units resulted in a failure of Bayesian clustering algorithms in both STRUCTURE and BAPS (Corander et al. 2006) to accurately predict the number of genetic units present. Therefore, we concluded the STRUCTURE results did not necessarily conclude that no structure is present, just that the data that we have do not lend themselves to analysis in this manner. Further, analysis of genetic structure of coregonids in large lakes with apparent moderate to high levels of gene flow would further benefit from applying additional genetic analysis that would both take into consideration geographic location of each fish and handle F st estimates lower than 0.05.
Levels of genetic differentiation
Despite moderately low F st values between lake whitefish MUs in Lake Michigan (0.0001 to 0.0231), these values were similar to those found to differentiate stocks or morphs in other intralacustrine studies of coregonids. For example, Østbye et al. (2005) found F st values between morphs of European whitefish (Coregonus lavaretus) ranging from 0.008 to 0.1530, with significant differences found at F st values as low as 0.013. In another study comparing intralacustrine morphs of European whitefish, Østbye et al. (2006) also found significant differences at F st values ranging from 0.010 to 0.075. Bernard (2006) suggested that F st values ranging from 0.005 to 0.020 were sufficient to differentiate lake whitefish spawning aggregates in Lake Ontario. The F st values found in this study were slightly lower than those of previous studies of lake whitefish with the same mtDNA lineage (0.01 to 0.084) but were substantially lower than those from different mtDNA lineages (Bodaly et al. 1992; Lu and Bernatchez 1999) . These findings are corroborated by those of Bernatchez and Dodson (1991) , who found that lake whitefish in the North American Great Lakes belong to the same mtDNA lineage. Levels of genetic differentiation of Lake Michigan lake whitefish stocks were similar to or greater than those found between morphologically different ciscos (Coregonus spp.) in Lake Nipigon (Turgeon et al. 1999) . In an interlacustrine comparison of two populations from the North American Upper Great Lakes (Lakes Superior and Huron), Stott et al. (2004) found an F st value of 0.031. In another interlacustrine comparison of coregonids, Douglas et al. (1999) The reduced levels of gene flow between neighboring spawning aggregates and the Elk Rapids aggregate agreed with the findings of Walker et al. (1993) , who reported that little mixing, if any, occurred between fish from the west side of Grand Traverse Bay (Traverse Bay population) and fish from the east side of Grand Traverse Bay (Elk Rapids) due to a potential thermal barrier to gene flow. The outer bay (area directly north of Old Mission Point, the peninsula separating west bay from east bay) is divided by a deep trough (>75 m) that may thermally separate the west bay (Traverse Bay) from the east bay (Elk Rapids; Walker et al. 1993) . Thermal barriers have been suggested to potentially segregate stocks of lake whitefish in Lake Huron (Casselman et al. 1981) , but further research is needed to determine the true effects of thermal barriers on population structuring. Additionally, depths on the Elk Rapids side of Grand Traverse Bay exceed 150 m compared with depths on the Traverse Bay side that reach slightly over 100 m (National Oceanic and Atmospheric Administration 2007). These differences in depth may indicate two different habitat types, leading to the potential of genetic differentiation through local adaptation of these lake whitefish populations. Theoretical and empirical evidence have indicated that vertical temperature gradients in deep lakes along with differential habitat use could contribute to ecological segregation (Chouinard and Bernatchez 1998; Parker et al. 2001; Helland et al. 2007 ). These findings coupled with those of other studies of philopatric fish species (Stepien and Faber 1998; Markert et al. 1999; Duftner et al. 2006) and Elk Rapid's large number of private alleles have led us to conclude that Elk Rapids represents a genetically divergent stock reinforced by migratory restrictions or life history differences.
Management implications
Based on the genetic management zones (GMZs) established through a combination of our proposed MUs and contemporary management zones (Fig. 3) , the harvest from commercial and statistical management zones may need to be adjusted to properly conserve current genetic variation. Two GMZ boundaries corresponded directly with the statistical management zones currently in place, GMZ-2 corresponded with WFM-01 and GMZ-3 corresponded with WFM-03. Several of the GMZs encompassed multiple management zones. However, one management zone (WFM-05) may need to be split because of the presence of multiple genetic MUs within a single zone (EKR and NOE). When the goal of a commercial fishery is to optimize sustainable yield without disrupting the genetic characteristics and when multiple MUs exist within a single management zone, either the zone needs to be managed for the smallest MU present or the zone needs to be split to represent individual MUs.
Future research
Tagging data have shown that following spawning, lake whitefish are highly vagile and disperse throughout Lake Michigan (Ebener and Copes 1985; Scheerer and Taylor 1985; Schneeberger et al. 2005) , and evidence exists of a mixed-stock commercial harvest of lake whitefish in Lake Michigan in the form of tagged fish from GMZ 2 being harvested in GMZ 1 (different commercial management zones; Jones et al. 2008 ). However, current regulations are unable to account for the harvest of MUs outside of their management zone of origin during the nonbreeding season, necessitating a comprehensive mixed-stock analysis to ensure proper management of this economically and ecologically important native species. Utter and Ryman (1993) laid out several major requirements necessary for genetic analysis of mixed-stock fisheries, and this research allows us to meet the first four requirements: (i) to have a reasonable understanding of the genetic populations potentially contributing to the commercial harvest, (ii) to be able to determine if there are genetic differences among these groups, (iii) to have the ability to identify differences among these groups, and (iv) to have reliable, multilocus baseline genetic data. The next logical step is to evaluate the utility of our data set for mixed-stock analysis and then perform a comprehensive, lake-wide, mixed-stock analysis to truly manage this fishery on a stock basis. Management of Lake Michigan's lake whitefish populations on a genetic basis not only may benefit the commercial fishery and help to ensure its sustainability, but also may benefit fisheries managers, fishers, and local and regional economies and preserve a longstanding tradition in the Great Lakes region.
